We developed a rapid and simple method for rRNA-based quantitative detection of a specific group of microorganisms in complex ecosystems. The method relies on the sequence-specific scission of 16S rRNA with ribonuclease H (RNase H) and oligonucleotides that specifically hybridize with targeted rRNA molecules. RNAs from a complex community were first mixed with an oligonucleotide and were subsequently digested with RNase H to achieve sequence-dependent rRNA cleavage at the hybridization site. For the quantitative detection of targeted rRNAs, the resulting RNA fragment patterns were analyzed by gel-electrophoresis, which separated and quantified cleaved and intact rRNA fragments. This method enabled the quantitative detection of microbes in a complex microbial community by a relatively simple and fast experimental procedure. We then applied the cleavage method to actual anaerobic microbial communities such as digested sewage sludge and UASB sludges. The results demonstrated that the present method was fully applicable to anaerobic digestor ecosystems containing complex anaerobic microorganisms.
Introduction
Anaerobic waste/wastewater treatment technology employs a vast array of diverse anaerobes for the mineralization of organic matter in waste and wastewaters. In particular, methanogenic degradation of complex organic material requires a number of trophic groups of anaerobes that perform different metabolic tasks (Schink, 1997) . Therefore, it is important for anaerobic treatment processes to develop and maintain a well-balanced consortium, containing all of the diverse trophic groups necessary for the treatment (Lettinga, 1995) . The recent development of molecular techniques in the field of microbial ecology has allowed us to precisely monitor such microbial community structures as well as the abundance and activity of important groups of microbes in these anaerobic processes. Particularly, rRNA-based detection and quantification methods, such as fluorescence in situ hybridization (FISH) and membrane hybridization, have become indispensable tools for determining the characteristics of anaerobic sludge communities. However, all of these techniques are laborious and require time-consuming procedures when employed for the quantitative detection of specific microbial groups. To further advance molecular monitoring for anaerobic biotechnology, more rapid, simple, and quantitative techniques are required.
We developed a new method to achieve rapid, rRNA-based, and quantitative detection of a specific group of microorganisms in complex ecosystems (Uyeno et al., 2004) . The method employs sequence-specific cleavage of 16S rRNA with ribonuclease H (RNase H) and oligonucleotides. RNAs from a complex community were first mixed with an oligonucleotide and were subsequently digested with RNase H. Since RNase H is known to specifically degrade the RNA strand of RNA:DNA hybrid hetero-duplexes (Crouch and Toulmé, 1998) , the targeted rRNAs were cleaved at the hybridization site in a sequence-dependent manner, and were consequently cut into two fragments. In contrast, non-targeted rRNAs remained intact under the same conditions. For the detection of the cleaved rRNAs, the resulting RNA fragment patterns were resolved by gel electrophoresis with RNA-staining dyes. The relative abundance of the targeted species of 16S rRNA fragments in the total 16S rRNA could be quantified by determining the signal intensity of individual 16S rRNA bands in an electropherogram (without the use of external standards). In this report, we demonstrate the feasibility of this rationale by using a model community, and show how the developed method can be applied to RNAs extracted from several anaerobic ecosystems.
Materials and methods

Microorganisms and environmental samples
Escherichia coli (DSM5717), Methanosaeta concilii (DSM3671), and Methanosarcina barkeri (DSM800) were obtained from either the Japan Collection of Microorganisms (JCM, Wako, Japan) or the Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ, Braunschweig, Germany). Environmental samples were collected from: (i) a mesophilic anaerobic digester (operated at 35 -408C) decomposing sewage sludge, (ii) a mesophilic (35-408C) upflow anaerobic sludge blanket (UASB) reactor treating high-strength wastewater from a food-processing plant at different sampling dates (UASB sludge (I)-1 and (I)-2), and (iii) a mesophilic (378C) UASB reactor treating an artificial wastewater primarily composed of volatile fatty acids (UASB sludge (II)) (Sekiguchi et al., 1998) .
RNA extraction and sequence-dependent scission of rRNA with RNase H RNA extraction from pure cultures and environmental samples was performed according to the method of (Stahl et al., 1988) with slight modifications (Uyeno et al., 2004) . Shorter RNA fragments of approximately 500 or less bases (nt) were removed with a purification column (MicroSpin column S-400, Amersham Pharmacia Biotech) when the RNAs were extracted from complex communities. The concentration of RNA was measured with a spectorofluorophotometer (RF-1500, Shimadzu) and a RiboGreen RNA quantification kit (Molecular Probes). Protocols for sequence-specific cleavage of rRNA fragments were developed in a previous study (Uyeno et al., 2004) . Briefly, to create a 100 ml hybridization/digestion mixture, an aliquot (10 ml) of RNA suspension (containing approximately 100 ng/ml) was mixed with 5 ml of 15 £ hybridization buffer (375 mM Tris-HCl, pH 7.5, 15 mM EDTA, 375 mM NaCl), 2 ml of each of the oligonucleotide solutions (10 pmol/ml), and a defined amount of formamide. Then, DEPC-treated water was added to yield a 75 ml solution. The mixture was subsequently heated at 958C for 1 min to unfold the RNA fragments, and then the mixture was kept at an appropriate hybridization/digestion temperature (40-608C). To initiate the cleavage reaction, 25 ml of pre-heated 4 £ enzyme solution (25 mM Tris-HCl, pH 7.5, 40 mM MgCl 2 , 25 mM NaCl, 4 mM DTT, 120 ng/ml BSA, 20 U/ml RNase H [TaKaRa]) was added to the mixture. After incubation at the hybridization/digestion temperature for 15 min, 50 ml of 3 £ stop solution (30 mM EDTA, 0.9 M sodium acetate, pH 7.0) was added to the mixture to terminate the reaction. The RNA in the mixture was then ethanol precipitated, dissolved in DEPC-treated water, and subjected to further analyses. The following oligonucleotides used as scissor probes in this study were commercially synthesized: universal probe 530-16 (5 0 -CCGCGGCTGCTGGCAC-3 0 , position 515-530 in E. coli system, designed based on Lane,1991), EUB338 for the domain Bacteria (5 0 -GCTGCCTCCCGTAGGAGT-3 0 , position 338-355), ARC915m for the domain Archaea (5 0 -CCCCCGCCAATTCCTTTA-3 0 , position 912-929, modified from (Stahl et al., 1988) ), and MX825m for the family Methanosaetaceae (5 0 -TGGCCGA-CACCTAGCGAG-3 0 , position 821-838, modified from (Raskin et al., 1994b) ). For the probes, cleavage reactions were performed under high-stringency conditions (EUB338: 20% formamide, digestion temperature of 508C, cleavage coefficient ¼ 0.96; ARC915m: 30% formamide, 508C, cleavage coefficient ¼ 0.80; MX825m: 10% formamide, 508C, cleavage coefficient ¼ 0.94) (Uyeno et al., 2004) . These optimal digestion conditions were determined using in vitro transcribed 16S rRNA of E. coli, M. concilii, and M. barkeri.
Electrophoresis of RNA fragments
The resultant RNA fragments were electrophoresed by the Agilent 2100 Bioanalyzer (Agilent) with the RNA 6000 nano kit (Agilent). The RNA samples and electrophoresis media (microchips) were prepared according to the manufacturer's instructions. The signal intensities of individual bands in the electropherograms were determined with the software (Bio Sizing, Agilent) associated with the Agilent 2100 Bioanalyzer. Signals were calculated by duplicate determinations in different digestion experiments with different electrophoresis media.
Results and discussion
Development of the 16S rRNA cleavage method
The method for sequence-specific cleavage of rRNA fragments using oligonucleotides and ribonuclease H (RNase H) was developed as a rapid and easy means of rRNA-based microbial identification, detection, and quantification (Uyeno et al., 2004) . Initially, we optimized the reaction conditions for the digestion. The cleavage procedure was primarily composed of the following five steps: (i) denaturation of rRNA at 958C for 1 min in a hybridization buffer containing a scissor probe, (ii) maintenance of the reaction mixture at a hybridization temperature (normally 508C) and then the subsequent addition of a digestion buffer containing RNase H, (iii) digestion of rRNA at the hybridization temperature (typically at 508C for 15 min), (iv) termination of the digestion reaction and the subsequent purification of RNA, and (v) electrophoresis of the resultant RNA fragments (Figure 1) . All experiments (from RNA extraction to quantitative data analysis) required 3 hours to accomplish when the standard protocol (see materials and methods) was used. However, the time needed for the analysis could be reduced by simplifying certain steps, such as employing a rapid RNA purification kit (RNeasy, QIAGEN) in the RNA extraction step. We used the Agilent 2100 Bioanalyzer for the electrophoresis of RNA. However, this step can be replaced with general agarose or acrylamide gel-based electrophoresis.
Using the method developed, we confirmed that site-specific scission of 16S rRNA could occur in the presence of RNase H and the corresponding oligonucleotide probe, and demonstrated that E. coli 16S rRNA was cut into two fragments (Uyeno et al., 2004) . As an example, electrophorograms of E. coli total RNA (Figure 2A ) and RNA digested with the 530-16 probe at 458C ( Figure 2B ) are shown in Figure 2 . The molecular sizes of the two newly emerged RNA peaks in Figure 2B were approximately 500 and 1,000 nucleotides, suggesting that E. coli 16S rRNA was appropriately fragmented at around position 500 of the 16S rRNA with the 530-16 probe. We subsequently evaluated various factors which could potentially affect the digestion reaction: i.e., (i) the respective concentrations of DNA probe, NaCl, and RNase H in the hybridization/digestion buffer, (ii) the reaction temperature for hybridization and digestion, (iii) the effects of the length and the G þ C content of scissor probes on the efficiency of specific digestion, and (iv) the effect of formamide in the hybridization/digestion buffer on the efficiency of specific digestion.
Through this analysis, we discovered some important features associated with the present method (Uyeno et al., 2004) . First, sequence-specific cleavage was observed at a wide range of temperatures, i.e., from 408C up to 708C, under the defined conditions (mentioned in materials and methods). Secondly, both the length and the G þ C content of the scissor probe were significant factors affecting the rRNA cleavage reaction. The effects of these factors can be clearly accounted for by considering the commonly known characteristics of DNA:RNA duplex formation. Hence, the reaction stringency could be controlled in a similar manner to that used in several rRNA-based molecular techniques, i.e., the stringency could be controlled by changing the reaction temperature or the formamide concentration in the hybridization and digestion buffers. By changing either hybridization/digestion temperature or formamide concentration in the buffers, we could render different "cleavage curves" (% of digested 16S rRNA in total 16S rRNA), similar to typical probe dissociation (melting) curves used in DNA probe evaluations. Thirdly, almost all single-base-mismatchs between scissor probes and rRNA molecules could be eliminated by applying appropriately stringent conditions to each probe (i.e., adjusting either hybridization temperature or formamide concentration in the buffers). These results indicate that the present method can be used to separate targeted rRNA molecules in complex RNA mixtures.
Evaluation of scissor probes for different microbial groups
We then evaluated oligonucleotide scissor probes for use in our sequence-dependent cleavage method, which targets 16S rRNA sequences of important groups of microbes in anaerobic bioreactors, i.e., the domain Bacteria, the domain Archaea, and the family Methanosaetaceae. The nucleotide sequences of the EUB338 probe for Bacteria were obtained from a previous study (Amann et al., 1990) , and were directly used as a scissor probe. The ARC915m probe for Archaea and the MX825m for Methanosaeta were developed in this study with slight modifications of the previously published oligonucleotide Figure 1 Experimental procedure of the rRNA-based cleavage method probes ARC915 and MX825 (Stahl et al., 1988; Raskin et al., 1994b) , respectively; the original probes were shortened to 18-mer probes to increase specificity. The 16S rRNAs of E. coli, M. concilii, and M. barkeri were synthesized in vitro with T7-RNA polymerase, and were subjected to cleavage reaction with the scissor probes at different concentrations of formamide in the hybridization/digestion buffer. We defined the optimum formamide concentration and a coefficient value (i.e., a cleavage coefficient); at the defined formamide concentration, specific cleavage occurred only for a certain portion ( ¼ coefficient value) of the targeted rRNA (Uyeno et al., 2004) . For example, the MX825m probe could cleave only Methanosaeta 16S rRNA at a formamide concentration of 10%. Under these conditions, 94% of the total Methanosaeta 16S rRNA was cleaved reproducibly; this value remained constant throughout the range of concentrations of rRNA tested (Uyeno et al., 2004) . Therefore, we defined the optimum formamide concentration of MX825m to be 10%, and a coefficient value (i.e., a cleavage coefficient) of 0.94 was used for estimating the amount of the total targeted rRNA (Methanosaeta rRNA) in complex rRNA mixtures in further studies.
Quantitative measurements using a model rRNA mixture indicated that the RNase H cleavage method is applicable for the quantitative measurement of specific 16S rRNA fragments in complex rRNA samples (Uyeno et al., 2004) . It was suggested that the stringency of the cleavage reactions could be properly controlled by using formamide and a cleavage coefficient for precise and quantitative discrimination of different species Figure 2 Electropherograms of E. coli total RNA (A) and E. coli RNA digested with the 530-16 probe at 458C (B), as resolved by the Agilent 2100 bioanalyzer with the RNA 6000 nano kit. Gel-like images of the electropherograms are also shown in the graphs of rRNA. The findings also revealed that previously published oligonucleotide probes could be directly employed, enabling us to use the huge database of 16S rRNA-targeted oligonucleotide probes already published.
Quantitative detection of various groups of anaerobes in anaerobic ecosystems
We then applied the cleavage method to actual anaerobic digestor samples. By using acid-phenol extraction, we prepared highly intact total RNAs from all samples tested. In all cases, sharp RNA bands corresponding to 16S rRNA and 23S rRNA were visualized upon electrophoresis ( Figure 3A) . By using the total RNA extracted, we measured the abundance of populations of Bacteria, Archaea, and Methanosaetaceae with this 16S rRNA-based RNase H digestion method ( Figure 3B ).
Using the EUB338 probe, the abundance of bacterial 16S rRNA was estimated to be 38 -64% of the total 16S rRNA in all RNA samples ( Figure 3B ). In all samples tested, archaeal rRNAs were detected in a range of 20 -51% of the total 16S rRNA; peaks at the predicted positions of the rRNA fragments in the electropherogram were detected in all samples ( Figure 3A) . The data obtained by the present method were also in good agreement with findings from other reports on community analyses of similar samples (Raskin et al., 1994a; Raskin et al., 1995; Harmsen et al., 1996) . It should be noted that the archaeal population is relatively high in UASB sludge (II). This result may (represent the fact) that the reactor had been treating an artificial wastewater primarily composed of volatile fatty acids such as acetate and propionate. Members of Methanosaeta, which are well-recognized aceticlastic methanogens, were also examined for all samples. Using the MX825m probe, the abundance of these populations was calculated to be 4-50% of the total populations. Methanosaeta species are frequently detected in molecular ecological surveys of anaerobic sludge such as UASB granular sludge and digested sewage sludge. Our values were within the range of known abundances of Methanosaeta reported from previous observations (Raskin et al., 1994a; Raskin et al., 1995; Harmsen et al., 1996 ; Figure 3 Application of the cleavage method to anaerobic digestor ecosystems (A) Electropherogram of UASB sludge (II) RNA digested with the ARC915m probe. Numbers with arrows indicate approximate estimates of the molecular weight of each peak (unit: nt). Gel-like images of the electropherograms are also shown in the graph: lane 1, RNA 6000 ladder marker (TaKaRa); lane 2, intact RNA extracted from UASB sludge (II), lane 3, the UASB sludge (II) RNA digested with the ARC915 probe. (B) Estimated values of percentages of specific 16S rRNAs to total 16S rRNA in various anaerobic community samples by sequence-specific rRNA cleavage reactions with three scissor probes. Error bars indicate the standard deviation of duplicate determinations Rocheleau et al., 1999; Tagawa et al., 2000) , and these results very likely reflect the actual population (activity) sizes in the present samples.
All of these examinations suggested that the present method was applicable to actual anaerobic complex ecosystems. Because this method does not require an external RNA standard for each experiment, as is required in membrane hybridization, and because the present method is relatively easy to perform within a short period of time (i.e., within 2-3 hrs), this technique may provide direct, rapid, and easy means of quantitatively detecting particular groups of anaerobes based on their rRNA. Since the rRNA cleavage method developed has the potential to facilitate rapid and easy evaluation of individual rRNAs for real-time monitoring, this method will contribute to a better understanding of the active and dynamic populations in anaerobic processes.
Conclusions
Sequence-specific SSU rRNA cleavage of particular groups within the range of phylogenetic levels, as well as the quantitative detection of targeted rRNA molecules, were successfully achieved using the present cleavage method. The molecular method proposed was fully applicable to actual ecosystems containing complex microbial communities. This approach has the potential to provide a fast and easy means of quantitative detection of key microbes, as is required in precise monitoring of anaerobic bioprocesses.
